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Abstract. We have used an antibody against the ryano-
dine receptor/calcium release channel of skeletal mus-
cle sarcoplasmic reticulum to localize a calcium re-
lease channel in sea urchin eggs. The calcium release
channel is present in <20% of immature oocytes,
where it does not demonstrate a specific cytoplasmic
localization, while it is confined to the cortex of all
mature eggs examined. This is in contrast to the corti-
cal and subcortical localization of calsequestrin in ma-
ture and immature eggs. Immunolocalization of the cal-
cium release channel reveals a cortical reticulum or
honeycomb staining network that surrounds cortical
granules and is associated with the plasma membrane.
The network consists of some immunoreactive electron-
dense material coating small vesicles and elongate cis-
N sea urchin eggs increases in cytosolic calcium result-
ing from sperm or A-23187 activation (Steinhardt and
Epel, 1974; Steinhardt et al ., 1977) control processes
such as cortical granule exocytosis, pronuclear migration,
chromatin condensation, and nuclear envelope breakdown
(Poenie et al., 1985 ; Steinhardt and Alderton, 1988; TYwigg
et al., 1988). Although egg activation is normally accom-
panied by a calcium influx, increases in intracellular free cal-
cium can occur in the absence of external calcium (Naka-
zawa et al., 1970; Paul and Johnston, 1978 ; Fujino et al.,
1985). Hence, mobilization of calcium from intracellular
stores is sufficientto increase cytosolic calcium to a levelca-
pable of initiating egg activation and the cortical granule
reaction.
The endoplasmic reticulum (ER) has been implicated as
a storage site and regulator of calcium levels within eggs
(Eisen and Reynolds, 1984; Turner et al., 1986; Oberdorf
et al ., 1988; Hensen et al., 1989). In addition to cisternae
that are distributed throughout the cell's interior, a cortical
network of ER, surrounding cortical granules and closely as-
sociated with the plasma membrane, has been observed in
eggs from a variety of species (Gardiner and Gray, 1983,
Sardet, 1984; Luttmer and Longo, 1985 ; Terasaki and Jaffe,
1991; Terasaki et al., 1991). Based primarily on structural
similarities, it has been postulated that the cortical ER of
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ternae of the endoplasmic reticulum. The fluorescent
reticular staining pattern is lost when egg cortices are
treated with agents known to affect sarcoplasmic retic-
ulum calcium release and induce cortical granule exo-
cytosis (ryanodine, calcium, A-23187, and caffeine) .
An ti380-kD protein of sea urchin egg cortices is iden-
tified by immunoblot analysis with the ryanodine re-
ceptor antibody. These results demonstrate: (a) the
presence of a ryanodine-sensitive calcium release chan-
nel that is located within the sea urchin egg cortex ;
(b) an altered calcium release channel staining pattern
as a result of treatments that initiate the cortical granule
reaction; and (c) a spatial and functional dichotomy of
the ER which may be important in serving different
roles in the mobilization of calcium at fertilization.
eggs functions in a manner similar to the sarcoplasmic retic-
ulumofmuscle cells(Gardiner and Gray, 1983; Sardet, 1984;
Luttmer and Longo, 1985 ; Oberdorf et al., 1988; Henson et
al., 1989) .
Inositol trisphosphate (IP3) 1 induces calcium release
from egg-derived ER, egg cortices, and whole eggs and may
be the primary regulatory of intracellular calcium at fertil-
ization (Whitaker and Irvine, 1984; Clapper and Lee, 1985 ;
Oberdorf et al ., 1986; Payan et al ., 1986; Turner et al .,
1986) . However, a variety of other cells contain both IP3-
sensitive and -insensitive calcium stores (Thayer et al .,
1988a; Malgaroli et al ., 1990; Wakui et al ., 1990), the latter
being sensitive to ryanodine and caffeine (Thayer et al .,
1988a,b; Malgaroli et al ., 1990) and stimulated by calcium-
induced calcium release (CICR) (Nabauer et al., 1989;
Wakui et al., 1990). In striated muscle, the ryanodine recep-
tor is a high molecular weight tetramer (Lai et al., 1989),
forming electron dense "feet" on the sarcoplasmic reticulum
(FranziniArmstrong, 1980). In both striated muscle and
1. Abbreviations usedin thispaper: ASW, artificial sea water; CaFASW, cal-
cium-free artificial sea water; CIB, cortical isolation buffer; CIB-EGTA,
cortical isolation buffer lacking EGTA; CICR, calcium-induced, calcium
release; GTA, glutaraldehyde; IP3, inositol trisphosphate; PAF, parafor-
maldehyde; SWC, sea water C.brain, the receptor functions as a calcium-, caffeine-, and
ryanodine-sensitive calciumchannel, suggesting that it is the
gating mechanism for23-insensitive stores (Smith et al .,
1988 ; Anderson et al ., 1989 ; McPherson et al ., 1991) .
It has been proposed that eggs contain both IP3-sensitive
and -insensitive calcium stores (Busa et al ., 1985 ; Busa,
1990) . MouseandXenopus oocytesdemonstrateCICR (Ber-
ridge and Potter, 1990 ; Peres, 1990) . Cyclic ADP ribose
stimulates intracellular calcium release in sea urchin eggs
from an IP3-independent calcium pool (Lee, 1991) . Simi-
larly, fertilization of sea urchin eggs induces intracellular
calcium release despite the inhibition of IP3-mediated cal-
cium stores (Rakow and Shen, 1990) . Many known activa-
tors of the sarcoplasmic reticulum calcium release channel,
including caffeine and ryanodine, induce calcium release in
sea urchin eggs (Fujiwara et al ., 1990 ; Galione et al ., 1991 ;
Buck,W. R .,T. L. Rakow, andS . S. Shen . 1991 . J . CellBiol.
115 :321x) .
To identify and localize proteins potentially relatedto the
calciumreleasechannelof muscle cells, we have carried out
studies demonstrating that a protein derived from isolated
cortical preparations of seaurchin eggs immunoreacts with
an antibody specific forthe skeletal muscle ryanodinerecep-
tor. The protein is confined to the cortex of sea urchin eggs
and forms a reticulurn that is associated with the cortical
granules and the plasma membrane . The reticulum consists
of some immunoreactive electron-dense material that is as-
sociated with small vesicles and cisternaeofER . Thereticu-
lum's localization within the egg cortex and the ability of
ryanodine to alter its staining pattern in isolated cortices
demonstratenotonly thepresence of acalciumreleasechan-
nel butalsoadichotomy in theER of the seaurchin eggthat
maybe important in mediating internal calciumlevels at fer-
tilization .
Materials and Methods
Animals
Strongylocentrotus purpuratus, Lytechinus variegatus, andL . pictus were
obtained from Pacific Bio-marine Co. (Venice, CA) and Gulf Specimens
(Panacea, FL) and maintained in a recirculating sea water aquarium.
Cortex Preparation
Spawning was induced by intracoelomic injection of Nl ml 0.5 M KCI.
Pooled eggs were washed twice in artificial sea water(ASW; Ocean Aquar-
iums, Mentor, OH), followed by homogenization at 4°C in sea water C
(SWC ; 0.5 M NaCl, 0.01M KCI, 0.003MNaHCO3, 0.03MEGTA, and
0.06MNaOH containing 100 pg/ml PMSF, 0.83mM benzamidine, and
1.1 AM leupeptin, pH 8.0 ; Kinsey, 1986) at a ratioof onevolume ofgravity-
packed eggs to 10 volumes ofSWC. Thehomogenate was diluted in 5 vol
ofSWC and spun at 2,000 rpm for 60 s . The pellet waswashed gently in
decreasing volumes (0.5x) ofSWC and centrifuged. This washing proce-
dure was continued until the cortex suspension was -2 ml . The cortices
were then pelleted and used for further analysis .
SDS-PAGEandImmunoblot Analysis
Samples ofeggs andpelletedcortices were analyzed by SDS-PAGE accord-
ing to Laemmli (1970) on3-12% gradientgels and stainedwith Coomassie
blue or transferred to nitrocellulose sheets according to Towbin et al .
(1979) . Nitrocellulose transfers were stained according to McPhersonand
Campbell (1990) with polyclonal antibodies against the skeletal muscle
ryanodine receptor.
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Antibody Production
Three antibodies to the skeletal muscle ryanodine receptor were prepared
using theascites method (Tong, 1983) as described by Sharp andCampbell
(1989) . Guinea pigs were injected intraperitoneally with skeletal muscle
ryanodine receptor(10Ag; Imagawaet al ., 1987) in Freund'scomplete adju-
vant to induce the production of ascites fluid . Ascites fluid was tapped
whenever significant amounts accumulated and was tested for antibody
production by immunoflut analysis against purified skeletal muscle ryano-
dine receptor. Other antibodies that were tested included a rabbit antibody
againsta predicted A-kinase phosphorylation site of the cardiac ryanodine
receptor (McPherson et al ., 1991) and a sheep polyclonal against rabbit
skeletal muscle ryanodine receptor (Knudson et al ., 1990) .
CorticalLawn Preparations
Eggs were washed in ASW, pH 5.0, to remove jelly coats, and allowed to
settle on poly-L-lysine coated coverslips . Adherent eggs were sheared by a
gentle stream of cortical isolation buffer (CIB ; 0.6M mannitol, 50 mM
Hepes, 50mM Pipes, 2 .5MM MgC12, and 20mM EGTA, pH 6.8 ; Henson
andBegg, 1988) containing 100pg/mlPMSF andmonitored for the pres-
ence of cortical lawns . Lawns were prepared in a variety of fixatives : 3%
paraformaldehyde/0.1% glutaraldehyde (3% PAF/0.1%GTA) inASW(4°C)
or calcium-free ASW (CaFASW) (4°C), 3% PAF in AC32o (75mM KCI,
2MM MgC12, 10 mM EGTA, 150mM glycine, 320mM sucrose, and 25
mM PIPES, pH 6.8,4°C; Henson et al ., 1989), 100% acetone (-20°C),
or 3%PAF/0.1% GTA in CIB (20°C) . Lawns, fixed for20min, werewashed
in thesame buffer used for fixation, and then stored at -75°C or processed
immediately for immunofluorescence microscopy. Some cortical lawns
were left unfixed and prepared for dicarbocyanine- or immuno-staining .
To examine the possible involvement of the putative calcium release
channel inthe cortical granule reaction, cortical lawnsofL . variegatus were
incubated for 7-16 min with varying concentrations of ryanodine (100-
2,000AM ; Penick Corp ., Lindhurst, NJ), as well as other agents (100 AM
calcium, 10 mM caffeine, and 10 AM A231ß7) (Sigma Chemical Co .,
St . Louis, MO)knownto stimulate corticalgranule release. All agents were
prepared in CaFASW a calcium release buffer (0.3M sucrose, 0.3M KCI,
10mM MgC12, 30mM Hepes, pH 7.2 ; Fujiwara et al ., 1990) or CIB lack-
ing EGTA (CIB-EGTA) . Some cortical lawns were incubated simultane-
ously with 1 mM ruthenium red(Sigma Chemical Co.) and ryanodine. Af-
ter treatment corticallawns were left unfixedor fixed in3%PAF/0.1%GTA
in CaFASW or CIB and processed as described below for immunofluo-
rescence microscopy. Cortical granule exocytosis was verified by phase mi-
croscopy.
Immuno,fluorescence
Eggs, stratified eggs (Henson et al ., 1989), and ovaries were fixed in 3%
PAF in AC32o or 3% PAF/0.1% GTA in ASW or CaFASW at 4°C for2 h
and washed in ASW or AC32o overnight . AC32o fixed specimens were
processed as described by Henson et al ., 1989) . Fixed specimens were sec-
tioned or maintained as whole mounts and permeabilized in0.1% Triton
X-100 in PBS (137 mM NaCI, 3mM KCI, 6mM NaHPO4, and 1.5 mM
KH2PO4, pH 7.4, 2 min) followed by a 5 min wash in PBS. Cryosections
(5 Am) and whole mounts were blocked with 0.2% BSA in PBS or CIB
(15 min) and incubated in ryanodine receptor antibody (1:50 to 1:150) for
2h at 37°C. Specimens were washed twice inPBSor CIB (5 min each) fol-
lowed by a2-h incubation in the appropriate FTIC-conjugated secondary
antibody at 37°C. Cortical lawns were incubated in primary andsecondary
antibody for 15 mineach at room temperature . Aftertwo 5 minwashes in
PBS or CIB, specimens were mounted in 0.1% p-phenylene diamine in
glycerol, examined with an inverted microscope (Nikon Inc., Garden City,
NY) equipped with fluorescence optics andphotographedwithTMAX 400
film (Eastman Kodak Co ; Rochester, NY).
To demonstrate antibody specificity, specimens were incubated in : (a)
the secondary antibody withoutprimary antibody or (b) immuno-depleted
ascites fluid . Ascites fluid was diluted 1:125 in 0.2% BSA in PBS and
depleted of ryanodine receptor antibodies by incubation with nitrocellulose
paper coated with purified skeletal muscle ryanodine receptor (Imagawa et
al ., 1987) . Control nitrocellulose paperwas coated with BSA. After a2-h
incubation, Cyosections were reacted with processed ascites fluid and
stained as described above .
Dicarbocyanine Staining
Cortical lawns were prepared for dicarbocyanine (DiOC6[31, Molecular
1112Probes, Eugene, OR) staining asdescribed by Henson et al . (1989). Unfixed
cortical lawns were stained for 1 min at room temperature in a 1:300 dilu-
tion in CIB ofDiOC6(3) (2.5 mg/ml in 100% ethanol), washed in CIB, and
examined immediately.
Transmission ElectronMicroscopy
andImmunogoldLabeling
Eggs and stratified eggs fixed and washed as described above were perme-
abilized in 0.1% Triton X-100 inPBS followed by a 5 min wash in PBS and
blockedfor 15 min in 1% BSA in PBS. Specimens were incubated overnight
at room temperature in ryanodine receptor antibody at 1:100, washed twice
in PBS, and incubated in either protein A (Janssen Life Sciences Products;
Piscataway, NJ) or anti-guinea pig antibody conjugated to 5-nn gold parti-
cles (Janssen Life Sciences Products) overnight at room temperature. Sam-
ples were washed twice in PBS followed by fixation in 3 % GTA in PBS for
15 min, osmicated (0.5% OsO4 in PBS) for 30 min at 4°C, and then de-
hydrated and embedded in Spures medium. Samples prepared solely for
transmission microscopy were fixed in 3% GTA in 80% sea water, washed
overnight in sea water, and dehydrated and embedded as described for im-
munopreparations. Thin sections were stained in uranyl acetate and lead ci-
trate and examined in a Philips 300 (Philips Electronic Instruments, Mah-
wah, NJ) or Hitachi 7,000 (Hitachi Ltd., Tokyo) electron microscopes.
Results
Immunofluorescence Localization ofa Putative
CalciumRelease Channel
Antibodies against striated muscle ryanodine receptor were
initially screened for cross-reactivity to sea urchin egg pro-
teins by immunoblot analysis. Of the three guinea pig anti-
bodies tested, only one reacted positively and was subse-
quently used for all further studies. Antibodies made in
rabbit were negative on immunoblots and were not tested on
immunofluorescent preparations of sea urchin eggs. The
sheep polyclonal tested positive with immunoblots of iso-
lated sea urchin egg cortices, but was not as strongly reactive
as the guinea pig polyclonal (data not shown). Immunostain-
ing ofpermeabilized eggs, sections, and cortical lawns from
the three species of sea urchins used in this study were virtu-
ally identical to one another, consequently only material
from investigations with L. variegatus is used to illustrate
the fluorescence localization of the calcium release chan-
nel/ryanodine receptor. Similar localization patterns were
obtained from specimens prepared in the various fixatives
outlined in Materials and Methods.
The specificity of immunostaining was determined using
sectioned eggs incubated with immunodepleted ascites fluid
(Fig. 1, a and b). Sections reacted with ascites fluid incu-
bated with BSA-coated nitrocellulose were positive (Fig.
1 a), whereas those reacted with ascites fluid formerly in-
cubated with nitrocellulose containing highly purified skele-
tal muscle ryanodine receptor were negative (Fig. 1 b). That
is, the latter lacked the bright, cortical staining seen with
complete and BSAtreated ascites fluid. These sections
directly demonstrate the specificity of the antibody-antigen
reaction and suggest that the reactive product is a calcium re-
lease channel similar to that found in skeletal muscle (Smith
et al., 1988) .
Permeabilized eggs reacted with the ryanodine receptor
antibody demonstrated bright staining deposits that were ab-
sent in preparations lacking the primary antibody (data not
shown). Through-focus of permeabilized eggs revealed that
the staining was confined primarily to the egg's cortex. Sec-
tioned specimens reacted with the antibody demonstrated a
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cortical staining along the entire periphery of the egg, con-
sisting of small deposits of fluorescence (Fig. 1, c and e) .
In grazing sections of the cortex, the staining had a honey-
comb appearance, i.e., it consisted of a reticulum of inter-
connected circular staining areas (Fig. 1 e). The width of the
zone ofcortical staining measured -5 itm; staining was not
apparent deeper to this zone (Fig. 1, c and e), or in prepara-
tions incubated only in the secondary antibody (Fig. 1 d).
Unfixed or fixed cortical lawn preparations were essen-
tially identical and demonstrated a reticular staining pattern
with the ryanodine receptor antibody (Fig. 2 a). Occasion-
ally, a pattern consisting of densely packed small circles was
also observed, due possibly to variations in cortical lawn
preparation. In both sections (Fig. 1 e) and cortical lawns
(Fig. 2, a and b), the staining pattern appeared to circum-
scribe circular non-staining areas til jAm in diameter, sug-
gesting that the calcium release channel was organized
around individual cortical granules. Staining ofunfixed cor-
tical lawns with the membrane penetrating dye, DiOCb(3),
also revealed a reticular network that surrounded cortical
granules (Fig. 2, d and e) similar to patterns observed by
Henson et al. (1989) and Terasaki et al. (1991) . The organiza-
tion of the calcium release channel/ryanodine receptor and
cortical granules was verified by immunoelectron micros-
copy (see below).
In contrast to the distinct cortical staining with antibody
to ryanodine receptor, antibodies to calsequestrin reacted
with components throughout the egg's interior (data not
shown; see Henson et al., 1989). Stratifiedeggs of L. varie-
gatus stained with antibody to the ryanodine receptor
showed a similar pattern to that described for specimens that
were not centrifuged, i.e., reaction product was confined to
the egg cortex (data not shown). In contrast, when stratified
eggs were reacted with antibodies to calsequestrin, fluores-
cent reaction product was distributed within the region (clear
area) surrounding the female pronucleus (data not shown;
see Henson et al., 1989).
Sections of L. variegatus ovary were stained with the
ryanodine receptor antibody to determine the localization of
the calcium release channel/ryanodine receptor in immature
oocytes. Most oocytes did not stain (Fig. 3 a). However, a
few (<20%), displayed sparse fluorescence which was not
necessarily confined to the oocyte cortex (data not shown).
We suspect that differences in immunoreactivity of immature
oocytes is reflective of different stages ofoogenesis and fur-
ther studies areunderway to verify this suspicion. In contrast,
all immature eggs demonstrated a positive staining reaction
with calsequestrin antibodies throughout their cytoplasm
(data not shown; see Henson et al., 1989) .
Electron Microscopic Localization of
the Calcium Release Channel
Permeabilized eggs of L. pictus, L. variegatus, and S. pur-
_ puratus, prepared for colloidal gold localization, were la-
beled along their cortices in a manner similar to that which
was seen in fluorescent preparations (Figs. 4 and 5). Colloi-
dal gold particles were localized to small vesicles and elon-
gate cisternae that surroundedthe cortical granules and were
positioned subjacent to the plasma membrane (Figs. 4 and
5). In appropriate sections of the egg cortex, in which the
lumens of vesicles and elongate cisternae were clearly dis-
1113Figure 1. Immunofluorescent preparations of L. variegatus eggs (fixed in 3% PAF in AC3zo) demonstrate cortical localization of the cal-
cium release channel . (a and b) Sections stained with ascites fluid that was first incubated with nitrocellulose strips coated withBSA (a)
or highly purified skeletal muscle ryanodine receptor (b) . Reaction product to the ryanodine receptor antibody is confined to the egg cortex
(a) . Immunoreactive material is not associated with the section stained with immunodepleted ascites fluid (b) demonstrating the specificity
ofthe calcium release channel/ryanodine receptor antibody. (c-e) Sections stained with (c and e) or without (d) ryanodine receptor antibody
demonstrating that the staining product is confined to the egg's cortex . The staining deposits in sectioned eggs (e) are occasionally seen
to form a reticulum (arrows) that surrounds unstained circular areas that may correspond to cortical granules . Bars, 10 Am .
cerned, a definite labeling pattern was apparent . That is, gold
particles were associated with some electron-dense material
along the outer aspect ofmembranes delimiting labeled vesi-
cles and elongate cisternae (Fig. 5, a and b) . Label was not
found localized to other organelles nor was it associated with
cisternae ofER in subcortical regions of the egg (Fig . 4 b) .
Colloidal gold label was absent entirely in preparations
reacted only with secondary antibody (Fig . 5 c) . In control
specimens (Fig . 5 c), and in specimens not prepared for im-
munogold staining (Fig. 5 d), cortical granules were sur-
rounded and the plasma membrane was subtended by a net-
work of small vesicles and elongate cisternae which in turn
were associated with some electron-dense material . Addition-
ally, the elongate cisternae possessed ribosomes (Fig . 5 d) .
Agents ThatInduce Calcium Release Alter
the Localization oftheCalcium Release Channel
in CorticalLawns
In an effort to examine the potential role of the calcium re-
lease channel at fertilization, and in the initiation of the corti-
cal granule reaction, cortices were incubated in ryanodine
and other agents (caffeine, calcium, A-23187, and ruthenium
red) known to affect sarcoplasmic reticulum calcium release
and cortical granule exocytosis (Steinhardt and Epel, 1974 ;
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Steinhardt et al ., 1977; Fujiwara et al ., 1990) . The cortices
were either left unfixed or fixed and stained with the ryano-
dine receptor antibody to examine possible changes in the
localization of the calcium release channel . The resulting
staining patterns were essentially identical in unfixed and
fixed preparations indicating that the methods used here did
not affect calcium release channel/ryanodine receptor local-
ization . Cortices incubated in CIB-EGTA (Fig . 2, a and b),
CaFASW AC32o , or a calcium release buffer (Fujiwara et
al ., 1990) alone or in thevehicle to solubilize ryanodine (5
ethanol ; data not shown) did not undergo cortical granule re-
lease and yielded a bright reticular fluorescent pattern when
stained with antibody to the ryanodine receptor. By phase
contrast microscopy, cortical granules were seen as a lawn
of dense spheroids (Figs. 2 b and 6 d ; Whitaker and Baker,
1983 ; Chandler, 1984) . In contrast, large areas of cortices
reacted with 1 mM ryanodine (Fig . 6, a and b), 10 AM
A-23187 (Fig. 6, e andf), 100AM calcium (Fig. 6, g and h),
or 10mM caffeine (data not shown) were essentially devoid
of cortical granules and demonstrated a lack or decrease in
reticular staining with the ryanodine receptor antibody. Cor-
tices incubated simultaneously with ryanodine and 1 mM
ruthenium red (Fig . 6, c and d), a specific blocker of the sar-
coplasmic reticulum calcium release channel (Imagawa et
1114Figure2 . Cortical lawns demonstrate a reticular patternwhen stained with the ryanodine receptor antibody or with themembrane penetrat-
ing dye, DiOC6(3) . (a and b) Fluorescent andphase micrographs of the same cortical lawn preparation (fixed in 3% PAF10.1% GTA in
CIB) in which the ryanodine receptor localization reveals a honeycomb pattern that appears to circumscribe cortical granules (CG) . It
is noteworthy that diameters ofthe open or unstained areas of thehoneycomb are about the same size as diameters of the cortical granules.
The solid circular staining areas indicated by arrows (a) arebelievedto representcortical granules thatare surrounded by ryanodine receptor
positive components (vesicles and elongate cisternae) of the egg cortex . (c) Staining is absent in control preparations lacking theprimary
antibody. (d) Unfixed cortical lawns stained with DiOC6(3) reveals a fluorescent reticulum similar to that obtained with ryanodine
receptor antibody staining, i.e., a cortical honeycomb network (arrows) . (e) Phase contrast image corresponding to d demonstrating phase-
dense cortical granules. Bar, 5 gm .
al ., 1987), demonstrated a labeling pattern similar to that of
untreatedlawns (Fig. 2a), anddidnot exhibit cortical gran-
uleexocytosis (Fig . 2b) . These data provide strong evidence
for: (a) the releaseofcalciumfrom intracellularstores ofcor-
ticallawn preparations resulting in cortical granule loss ; and
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(b) a ryanodine, caffeine, and ruthenium red-sensitive cal-
cium release mechanism . This andourobservations demon-
strating an immunoreactive protein similar to the muscle
ryanodine receptor support the hypothesis thataryanodine-
sensitive calcium release channel exists in sea urchin eggs .
1115
Figure3 . Immature eggs, deficient in the calcium
release channel, do not display cortical staining .
Ovarian sections of immature oocytes (fixed in
3% PAF in AC3zo) ofL. variegatus stained with
(a) or without (b) antibody to ryanodine recep-
tor. Germinal vesicle oocytes demonstrate very
little or no staining when compared to mature
eggs . Bars, 10 pm .Figure 4. The calcium release channel is localized to small vesicles and cistenae associated with cortical granules and the plasma mem-
brane . (a) Cortex of L, variegatus in which 5-run colloidal gold particles are associated with some electron-dense material coating small
vesicles and cisternae (arrows) that surround cortical granules (CG) and yolk bodies (YB), and subtend the plasma membrane (PM) . (b)
Very few gold particles are found associated with elements of the ER (arrows) in subcortical regions of the egg . Bars, 0.1 jm .
Immunoblot Identification
Cortices prepared fromL. variegatus and analyzed by SDS-
PAGE were highly enriched in numerous protein bands, par-
ticularly at -165 kD and in excess of 200 kD when com-
pared to whole egg homogenate (Fig. 7 a) . One of the bands
in the cortical preparation, at a molecular weight of - 380
kD, was stained on immunoblots with the ryanodine receptor
antibody (Fig . 7 b) generated in guinea pig . The band also
reacted with a sheep polyclonal antibody against the mam-
malian skeletal muscle ryanodine receptor (data not shown) .
Because the immunoreactive protein is located within the
egg cortex, considerable enrichment was necessary to detect
it on immunoblots (Fig. 7 b) .
Discussion
Calcium is one of the principal messengers in the regulation
of fertilization events in sea urchin eggs (Whitaker and Patel,
1990) . IP,-induced calcium release from intracellular stores
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has been implicated as a primary regulator of intracellular
calcium levels (Turner et al ., 1986) . However, sea urchin
eggs also contain 0,-insensitive pools of calcium (Lee,
1991) which are sensitive of caffeine and ryanodine
(Fujiwara et al ., 1990 ; Galione et al ., 1991) and may, there-
fore, be gated by a ryanodine receptor similar to skeletal
muscle and brain (Smith et al ., 1988 ; McPherson et al .,
1991) . While there is pharmacological evidence for IP,-
insensitive calcium pools in sea urchin eggs, their localiza-
tion and the presence of a ryanodine receptor have not been
demonstrated . Using antibodies prepared against the native
skeletal muscle ryanodine receptor/calcium release channel,
we demonstrate the presence and location of a high molecu-
lar weight calcium release channel in eggs of Lytechinus
pictus, L. variegatus, and Strongylocentrotus purpuratm.
That all ofthe antibodies to skeletal muscle ryanodine recep-
tor tested did not cross-react with any sea urchin proteins
strengthens the reliability and specificity of the guinea pig
and sheep antibodies which demonstrate a positive reactivity
to the ryanodine receptor/calcium release channel . The
1116Figure S . Ryanodine receptor antibody staining is localized to a networkofvesicles and elongatecisternae within the egg cortex . Permeabil-
ized S . purpuratus eggs reacted with (a and b) or without (c) ryanodine receptor antibody, followed by secondary antibody conjugated
to 5 nm colloidal gold . (a) Colloidal gold particles are associated with some electron-dense material that surrounds elongate cisternae
and vesicles (arrows) that outline the egg's cortical granules (CG) and fill regions between cortical granules and the plasma membrane
(PM) . (b) Higher magnification of an egg cortex demonstrating the association of colloidal gold with the surface of small vesicles and
cisternae (arrows) that surround the cortical granules (CG) . (c) Section, in which the primary antibody was omitted, showing a lack of
staining with the colloidal gold second antibody. Vesicles and elongate cisternae which are embedded in some electron-dense material
(arrows) are associated with cortical granules (CG) and the plasma membrane (PM) . (d) Ultrastructure ofthe egg cortex demonstrating
elongate cisternae and vesicles of the ER (arrow) . M, mitochondria ; MV, microvilli . Bars, 0.5 Am .
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1117Figure 6. Agents (ryanodine, A-23187, and calcium) which affect sarcoplasmic reticulum calcium release and induce cortical granuleexocy-
tosis alter ryanodine receptor antibody staining ofcortical lawns . (a, c, e, and g) L . variegatus cortical lawns stained with ryanodine recep-
tor antibody after treatment with 1 mM ryanodine (a), 1 mM ryanodine plus 1 mM ruthenium red (c), 10 pM A-23187 (e), or 100 /AM
calcium (g) inCIB-EGTA . Immediately after treatment, cortical lawns were fixed in3% PAF/0.1% GTA in CIB . (a, e, and g) In treatments
which elicitcortical granule exocytosis, the labeling patternis altered . That is, in contrast to the bright reticular staining pattern ofuntreated
preparations (see Fig. 2 a) or specimens incubated with ryanodine plus ruthenium red (c), areas having undergone cortical granule exocy-
tosis show a decrease or lack of staining with the ryanodine receptor antibody (asterisks) . Areas lacking cortical granules are indicated
by asterisks inthe corresponding phasecontrast micrographs (b,f, and h) . (d) Phase contrast micrograph that corresponds to the fluorescent
image shown in Fig . 6 c. Bars, 5 /.m .
negative results of sections stained with ascites fluid im-
munodepleted using highly purified skeletal muscle ryano-
dine receptor demonstrate the specificity of the antibody
preparation employed here . The calcium release channel of
sea urchin eggs has a smaller apparent molecular weight
(^380 kD) than that ofrabbit skeletal muscle orbrain ryano-
dine receptors but is similarly enriched inmembrane prepa-
rations. Additionally, micromolar amounts of ryanodine are
required to stimulate calcium release from sea urchin egg
microsomes (Fujiwara et al ., 1990) indicating that the sea
urchin egg ryanodine receptor has a lower affinity for ryano-
dine than that in mammals .
As shown here the ryanodine receptor is localized to elon-
gate cisternae and vesicles which form a reticulum around
the cortical granules and correspond tomembrane networks
discerned by other methods (Sardet, 1984 ; Terasaki and
Jaffe, 1991 ; Terasaki et al ., 1991) . Based on previous studies
in sea urchin eggs (Sardet, 1984 ; Chandler, 1984 ; Luttmer
and Longo, 1985), we believe the labeled vesicles and elon-
gate cisternae seen here are not independent structures but
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actually represent tubular elements of the cortical ER pos-
sessing varicosities along their lengths. This network then,
is viewed as a component of the egg's ER, rather than a sepa-
rate, specific organelle, such as calciosomes (Bossier and
Putney, 1991) .
In stratified eggs, calsequestrin staining is predominantly
confined to the clear layer (Henson et al ., 1989), a region
to which the bulk ofER becomes confined during isopycnic
centrifugation (Harvey, 1956 ; Anderson, 1968), whereas the
calcium release channel is present in elements ofthe ER that
remain associated with the cortical granules and plasmamem-
brane (Luttmer and Longo, 1985) . These data, recent obser-
vations ofTerasaki and Jaffe (1991) and Terasaki et al . (1991)
and that reported here indicate that the ER of the sea urchin
egg consists of two distinct structural domains and possibly,
two functional domains, as well . One, the cortical ER, which
is associated with the plasma membrane, surrounds cortical
granules, and possesses the calcium release channel/ryano-
dine receptor. The other consists of a subcortical cisternal
network ofER that courses throughout the cell interior and
1118Figure 7 . Ryanodine receptor antibody recognizes a high molecular
weight protein in L. variegatus cortical preparations. 3-12 % SDS-
polyacrylamide gel (a) and corresponding immunoblot (b) probed
with antibody to the skeletal muscle ryanodine receptor protein .
Lane 1, purified skeletal muscle ryanodine receptor protein ; lane
2, L . variegatus cortices ; and lane 3, L . variegatus eggs . The skel-
etal muscle ryanodine receptor shows an intense reaction with the
antibody (lane l') . A band that reacts with the antibody is also
present in the sea urchin cortex preparation (lane 2') which cor-
respond to a band(s) depicted by the arrow in the gel (a) . The posi-
tions of molecular weight markers are indicated by dashes in be-
tween lanes 1 and 2, from top to bottom : 205, 115, 97, 67, and
45 kD.
is apparently deficient in the calcium release channel/ryano-
dine receptor.
The lack of the calcium release channel in sea urchin oo-
cytes amplifies previous observations demonstrating that im-
mature eggs do not undergo a cortical granule reaction (Har-
vey, 1956 ; Longo, 1978 ; Charbonneau and Grey, 1984) .
With egg maturation, changes in the ER occur (Henson et
al ., 1990) which may be necessary for the egg to undergo
a cortical granule response. In addition to the localization of
the cortical granules to the egg plasma membrane (Longo,
1978), the ER may acquire calcium release protein . Investi-
gations by Chiba et al . (1990) have demonstrated that for a
given stimulus more calcium is released from starfish eggs
than oocytes . Such observations are consistent with the sug-
gestion that the cortical ER contains a calcium release chan-
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nel which is essential for egg activation and cortical granule
release .
We find that agents known to affect sarcoplasmic reticulum
calcium release and cortical granule exocytosis, i .e., cal-
cium (Steinhardt et al ., 1977), A-23187 (Steinhardt and
Epel, 1974 ; Oberdorf et al., 1986 ; Terasaki and Sardet,
1991), ryanodine, and caffeine (Fujiwara et al., 1990 ; Gal-
ione et al ., 1991), induce cortical granule loss and a change
in the localization pattern of the calcium release channel in
cortical lawns . These changes are consistent with observa-
tions in which : (a) the cortical ER of fertilized eggs demon-
strates a more diffuse staining pattern than that of unfertil-
ized eggs (Henson et al ., 1989 ; Terasaki and Jaffe, 1991) ; (b)
lawns treated with calcium undergo a loss of cortical gran-
ules (Vacquíer, 1975 ; Whitaker and Baker, 1983 ; Chandler,
1984) ; and (c) lawns treated with A-23187 release calcium
from intracellular stores (Oberdorf et al ., 1986 ; Terasaki
and Sardet, 1991) . That the changes reported here are stimu-
lated by ryanodine and inhibited by ruthenium red suggests
a specific role for the calcium release channel/ryanodine
receptor in cortical granule exocytosis.
It is noteworthy that at the electron microscopic level, col-
loidal gold localization within the egg cortex was distin-
guished by its association with some electron-dense material
coating elements oftheER . This labeling pattern is similar to
the localizationoftheryanodinereceptorinrough and smooth
ER of brain and muscle (C . M . Knudson and K . Camp-
bell, unpublished observations ; Ellisman et al ., 1990 ; Wal-
ton et al ., 1991) . It would beofconsiderable interest to deter-
mine whether or not the electron-dense material associated
with the ER elements labeled here is analogous to the "feet"
structures ofthe sarcoplasmic reticulum (Franzini-Armstrong,
1980) and brain (McPherson etal ., 1991) . Virtually identical
immunofluorescent staining patterns in unfixed and fixed
cortical lawns suggestthat epitopes ofthe ryanodine receptor
are present along the cytoplasmic surface of the sea urchin
corticalER and that the egg ryanodine receptormay be orga-
nized in a manner similar to that proposed for the skeletal
muscle calcium release channel (Takeshima et al., 1989) .
Based on its structural similarity to junctions formed by
the sarcoplasmic reticulum and T-tubules in skeletal muscle
(FranziniArmstrong, 1980), it has been proposed that sites
of association of the cortical ER with the egg plasma mem-
brane may regulate intracellular-free calcium concentration
at egg activation (Gardiner and Grey, 1983 ; Sardet, 1984 ;
Charbonneau and Grey, 1984 ; Luttmer and Longo, 1985) .
At activation, a sodium-dependent depolarization of the egg
plasmamembrane could stimulate voltage-sensitive calcium
channels on the egg surface (Hagiwara and Jaffe, 1979),
which in turn may associate with ryanodine receptor-like
protein at cortical ER-plasma membrane junctions (Jaffe,
1983) . However, as shown here the system ofER that labels
with the anti-ryanodine receptor antibody extends deeper
into the egg cortex than would be expected for a junction
postulated to be structurally similar to the triad .
It has also been proposed that sperm-egg interaction
results in the release of IP3 through G protein activation
which induces a local increase in internal calcium (Busa et
al ., 1985 ; Turner et al ., 1986) . This in turn causes a CICR,
which is a more extensive release of calcium and is propa-
gated via further CICR (Galione et al ., 1991) . CICR is be-
lieved to be involved in cortical granule exocytosis (Busa et
1119al., 1985 ; Peres, 1990; Busa, 1990) . The localization of the
calcium release channel to sea urchin egg cortices adds to
this model, giving it a spatial context in which its compo-
nents may function. For example, itis possible that the CICR
is derived from vesicles and cisternae located in association
with the cortical granules much like that ofthe sarcoplasmic
reticulum. Such a suggestion is consistent with results of ex-
periments demonstrating that there are at least two pools of
stored calcium in eggs, IP, sensitive and insensitive (Busa
et al., 1985; Turner et al., 1986; Fujiwara et al., 1990; Peres,
1990; Lee, 1991; Galione et al., 1991) . How the ER domains
observed here (see also Terasaki and Jaffe, 1991) are related
spatially and functionally and are involved in the propagation
of calcium waves at fertilization requires further elucidation.
The authors thank Mark Brachtenbach and Becky Hurt for their assistance.
Appreciation is also extended to the anonymous reviewers whose insights
were of considerable value in elaborating and discussing data presented
here.
This study was supported by funds from National Institutes of Health
grants (HD-15510 and HD-22085 to F. J. Longo; HL39265 to K. P. Camp-
bell). Kevin P. Campbell is anInvestigatorof the Howard Hughes Medical
Institute.
Received for publication 17 June 1991 and in revised form 17 December
1991.
References
Anderson, E. 1968. Oocyte differentiation in the sea urchin, Arbacia punc-
tulata, with particular reference to the origin of cortical granules and their
participation in the cortical granule reaction. J. Cell Biol. 37:514-538.
Anderson, K., F. A. Lai, Q.-Y. Liu, E. Rousseau, H. P. Erickson, and G
Meissner. 1989. Structural and functional characterization of the purified
cardiac ryanodine receptor-Call release channel complex. J. Biol. Chem.
264:1329-1335.
Berridge, M. J., and B. V. L. Potter. 1990. Inositol trisphosphate analogues
induce different oscillatory patterns in Xenopus oocytes. Cell Regulation.
1:675-681 .
Busa, W. B. 1990. Involvement ofcalcium and inositol phosphates in amphib-
ian egg activation. J. Reprod. Fen. Suppl. 42:155-161 .
Busa, W. B., J. E. Ferguson, S. K. Joseph, J. R. Williamson, and R. Nuccitelli.
1985. Activation of frog (Xenopus laevis) eggs by inositol trisphosphate. I.
Characterization of Ca" release from intracellular stores. J. Cell Biol.
101:677-682.
Chandler, D. 1984 . Exocytosis in vitro: ultrasttucture ofthe isolated sea urchin
egg cortex as seen in platinum replicas. J. Ultrastruc. Res. 89:198-211 .
Charbonneau, M., and R. D. Grey. 1984. The onset of activation responsive-
ness duringmaturation coincides with the formation ofthe cortical endoplas-
mic reticulum in Xenous laevis. Dev. Biol. 102:90-97.
Chiba, K., R. T. Kado, and L. A. Jaffe. 1990. Development of calcium release
mechanisms during starfish oocyte maturation. Dev. Biol. 140:300-306.
Clapper, P. L., and H . C. Lee. 1985. Inositol trisphosphate induces calcium
release from nonmitochondrial stores insea urchin egg homogenates. J. Biol.
Chem. 260:13947-13954.
Eisen, A., and G. T. Reynolds. 1984. Sources and sinks of calcium released
upon fertilization of single sea urchin eggs. J. Cell Biol. 100:1522-1527.
Ellisman, M. H., T. J. Deerinck, Y. Ouyang, C. F. Beck, S. J. Tanksley, P. D.
Walton, 1. A. Airey, and J. L. Sutko. 1990. Identification and localization
of ryanodine binding proteins in the avian central nervous system. Neuron.
5:135-146.
Franzini-Armstrong, C. 1980. Structureof sarcoplasmic reticulum. Fed. Proc.
39:2403-2409.
Fujino, Y., K. Mitsunaga, A. Fujiwara, and I. Yasumasu. 1985. Inhibition of
41Ca2' uptake in the eggs and embryos ofthe sea urchin, Anthocidaris cras-
sispina, by several calcium antagonists, anion transport inhibitor and chlo-
ride transport inhibitors. J. Exp. Zool. 235:281-288.
Fujiwara, A., K. Taguchi, and I. Yasumasu. 1990. Fertilization membrane for-
mation in sea urchin eggs induced by drugs known to cause Cat' release
from isolated sarcoplasmic reticulum. Dev. Growth & Differ. 32:303-314.
Galione, A., H. C. Lee, and W. B. Busa. 1991. Ca2'-induced Cal' release in
sea urchin egg homogenates and its modulation by cyclic ADP-ribose.
Science (Wash. DC). 253:1143-1146.
Gardiner, D. M., and R. D. Gray. 1983. Membranejunctions in Xenopus eggs.
Their distribution suggests a role in calcium regulation. J. Cell Biol.
96:1159-1163.
The Journal of Cell Biology, Volume 116, 1992
Hagiwara, S ., and L. A. Jaffe. 1979. Electrical properties of egg cell mem-
branes. Ann. Rev. Biophys. Bioeng. 8:385-416.
Harvey, E. B. 1956. The American Arbacia and Other Sea Urchins. Princeton
University Press, Princeton, NJ. 298 pp.
Henson, J. H., and D. A. Begg. 1988. Filamentous actin organization in the
unfertilized sea urchin egg cortex. Dev. Biol. 127:338-348.
Henson, J. H., D. A. Begg, S. M. Beaulieu, D. J. Fishkind, E. M. Bonder,
M. Terasaki, D. Lebeche, and B. Kaminer. 1989. A calsequestrin-like pro-
tein in the endoplasmic reticulum of the sea urchin: localization and dy-
namics in the egg and first cell cycle embryo. J. Cell Biol. 109:149-161 .
Henson, J. H., S. M . Beaulieu, B. Kaminer, and D. A. Begg. 1990. Differentia-
tion of a calsequestin-containing endoplasmic reticulum during sea urchin
oogenesis. Dev. Biol. 142:255-269.
Imagawa, T., J. S. Smith, R. Coronado, and K. P. Campbell. 1987. Purified
ryanodine receptor from skeletal muscle sarooplasmic reticulum is the
Ca"-permeable pore of the calcium release channel. J. Biol. Chem.
262:16636-16643.
Jaffe, L. 1983. Sources ofcalcium in egg activation: a review and hypothesis .
Dev. Biol. 99:265-276.
Kinsey, W. H. 1986. Purification and properties ofthe egg plasma membrane.
In Methods in Cell Biology. Vol 27. T. E. Schroeder, editor. Academic
Press Inc., Orlando, FL. 139-152 .
Knudson, C. M., J. R. Mickelson, C. F. Louis, and K. P. Campbell. 1990.
Distinct intmunopeptide maps of the sarcoplasmic reticulum Cal' release
channel in malignant hyperthermia. J. Biol. Chem. 265:2421-2424.
Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (Lond.). 227:680-685.
Lai, F. A., M. Misra, L. Xu, H. A. Smith, andG. Meissner. 1989. The ryano-
dine receptor-Ca2* release channel complex ofskeletal muscle sarcoplasmic
reticulum: evidence for a cooperatively coupled, negatively charged homo-
tetramer. J. Biol. Chem. 264:16776-16785.
Lee, H. C . 1991. Specific binding of cyclic ADP-ribose to calcium-storing
microsomes from sea urchin eggs. J. Biol. Chem. 266:2276-2281.
Longo, F. J . 1978. Insemination of immature sea urchin (Arbacia punctulata)
eggs. Dev. Biol. 62:271-291 .
Luttmer, S. J., and F. J. Longo. 1985 . Ultrastructural andmorphometric obser-
vations of cortical endoplasmic reticulum in Arbacia, Spisula and mouse
eggs. Dev. Growth & Differ. 27:349-359.
Malgaroli, A., R. Fesce, and J. Meldolesi. 1990. Spontaneous [Cal']; fluctua-
tions in rat chrontaffin cells do not require inositol 1,4,5-trisphosphate eleva-
tions but are generated by a caffeine- and ryanodine-sensitive intracellular
Ca" store. J. Biol. Chem. 265:3005-3008.
McPherson, P. S., and K. P. Campbell. 1990. Solubilization and biochemical
localization of the high affinity [3H]-ryanodine receptor from rabbit brain
membranes. J. Biol. Chem. 265 :18454-18460.
McPherson, P. S., Y. K. Kim, H. Valdiva, C. M. Knudson, H. Takekura, C.
Franzini-Armstrong, R. Coronado, and K. P. Campbell. 1991 . The brain
ryanodine receptor: a caffeine-sensitive calcium release channel. Neuron.
7:17-25.
Nabauer, M., G. Callewaert, L. Cleeman, and M. Morad. 1989. Regulation
of calcium release is gated by calcium current, not gating charge, in cardiac
myocytes. Science (Wash. DC). 244:800-803.
Nakazawa, T., K. Asami, R. L. Shoger, A. Fujiwara, and I. Yasumasu. 1970.
Cal' uptake, H' ejection and respiration in sea urchin eggs. Exp. Cell Res.
63 :143-146.
Oberdorf, J. A., J. F. Head, and B. Kaminer. 1986. Calciumuptake and release
by isolated cortices and microsomes from the unfertilized sea urchin Stron-
gylocentrotus droebachiensus. J. Cell Biol. 102:2205-2210.
Oberdorf, J. A., D. Lebeche, J. F. Head, and B. Kaminer. 1988. Identification
of a calsequestrin-like protein from sea urchin eggs. J. Biol. Chem.
263:6806-6809.
Paul, M., and R. N. Johnston. 1978. Uptake Cal' is one of the earliest re-
sponses to fertilization of sea urchin eggs. J. Exp. Zool. 203:143-149.
Payan, P., J. P. Girard, C. Sardet, M. Whitaker, and J. Zimmerberg. 1986.
Uptake and release of calcium by isolated egg cortices of the sea urchin
Paracentrotus lividus. Biol. Cell. 58:87-90.
Peres, A. 1990. InSP3- and Cal'-induced Cal' release in single mouse oocytes.
FEES (Fed. Eur. Biochem. Soc.) Lett. 275:213-216.
Poenie, M., J . Alderton, R. Y. Tsien, and R. A. Steinhardt. 1985. Changes
in the free calcium levels with stages of the cell division cycle. Nature
(Zond.). 315:147-149.
Rakow, T. L., and S. S . Shen. 1990. Multiple stores of calcium are released
in the sea urchin egg during fertilization. Proc. Nati. Acad. Sci. USA.
85:9285-9289.
Rossier, M. F., and J. W. Putney, Jr. 1991 . The identity ofthecalcium-storing,
inositol 1,4,5-trisphosphate sensitive organelle non-muscle cells: calcio-
some, endoplasmic reticulum . . . or both? TINS. 14:310-314.
Sardet, C. 1984. The ultrastructureof the sea urchin egg cortex isolated before
and after fertilization. Dev. Biol. 105:196-210.
Sharp, A. H., and K. P. Campbell. 1989. Characterization of the 1,4-
dihydropyridine receptor using subunit specific polyclonal antibodies. Evi-
dence for a 32,000 Da subunit. J. Biol. Chem. 264:2816-2825.
Smith, J. S., T. Imagawa, J. Ma, M. Fill, K. P. Campbell, and R. Coronado.
1988. Purified ryanodine receptor from rabbit skeletal muscle is the calcium-
release channel of sarcoplasmic reticulum. J. Gen. Physiol. 92:1-26.
1120Steinhardt, R., R. Zucker, and G. Schatten. 1977. Intracellularcalcium release
at fertilization in sea urchin egg. Dev. Biol. 58:185-196.
Steinhardt, R. A., and D. Epel. 1974. Activation ofseaurchineggsbya calcium
ionophore. Proc. Natl. Acad. Sci. USA. 71 :1915-1919.
Steinhardt, R. A., andJ. Alderton. 1988. Intracellular freecalcium rise triggers
nuclear envelope breakdown in the sea urchin embryo. Nature (Lond.).
332:364-366.
Takeshima, H., S. Nishimura, T. Matsumoto, H. Ishida, K. Kangawa, N.
Minamino, H. Matsuo, M. Uedo, M. Hanaoka, T. Hirose, and S . Numa.
1989. Primary structure and expression fromcomplementary DNA ofskele-
tal muscle ryanodine receptor. Nature (Zond.). 339:439-445 .
Terasaki, M., and C. Sardet. 1991 . Demonstration of calcium uptake and re-
lease by sea urchin cortical endoplasmic reticulum. J. CellBiol. 115:1031-
1037.
Terasaki, M., and L. Jaffe. 1991. Organization ofthe sea urchin endoplasmic
reticulum and its reorganization at fertilization. J. Cell Biol. 114:929-940.
Terasaki, M., J. Henson, D. Begg, B. Kaminer, and C. Sardet. 1991. Charac-
terization of sea urchin egg endoplasmic reticulum in cortical preparations.
Dev. Biol. 148:398-401 .
Thayer, S. A., T. M. Perney, and R. J. Miller. 1988a. Regulation ofcalcium
homeostasis in sensory neurons by bradykinin. J. Neurosci. 8:4089-4097.
Thayer, S. A., L. D. Hirning, and R. J. Miller. 1988b. The role of caffeine-
sensitive calcium stores in the regulation of the intracellular free calcium
concentration in rat sympathetic neurons in vitro. Mol. Pharmacol. 34:664-
673.
Towbin, H., T. Staehelin, andJ. Gordon. 1979. Electrophoretic transferofpro-
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some
McPherson et al. Egg Calcium Release Channel
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354.
Tung, A. S. 1983. Production of large amounts ofantibodies, nonspecific im-
munoglobulins, and other serum proteins in ascites fluids of individual mice
and guinea pigs. Methods Enzymol. 93:12-23 .
Turner, P. R., L. A. Jaffe, and A. Fein. 1986. Regulation of cortical vesicle
exocytosisin seaurchineggsbyinositol 1,4,5-triphosphateand GTP-binding
protein. J. Cell Biol. 102:70-76.
Twigg, J., R. Patel, and M. Whitaker. 1988. Translational control ofinositol-
trisphosphate-induced chromatin condensation during theearly cell cycle of
sea urchin embryos. Nature (Zond.). 332:366-369.
Vacquier, V. 1975 . The isolation of intact cortical granules from sea urchin
eggs: calcium ions trigger granule discharge. Dev. Biol. 43:62-74.
Wakui, M., Y. Osipchukwv, and O. H. Peterson. 1990. Receptor-activated cy-
toplasmic Ca'* spiking mediated by inositol trisphosphate is due to calcium
release. Cell. 63:1025-1032.
Walton, P. D., J. A. Airey, J. L. Sutko, C. F. Lebeche, G. A. Mignery, T. C.
Sudhof, T. J. Deerinck, and M . H. Ellisman. 1991. Ryanodine and inositol
trisphosphate receptors coexist in avian cerebellar purkinje neurons. J. Cell
Biol. 113:1145-1157.
Whitaker, M., and P. F. Baker. 1983 . Calcium-dependent exocytosis in an in
vitro secretory granule plasma membrane preparation from sea urchin eggs
and the effects of some inhibitors of cytoskeletal function. Proc. R. Soc.
Land. B. 218:397-413.
Whitaker, M., and R. F. Irvine. 1984. Inositol (1,4,5)-trisphosphate microin-
jection activates sea urchin eggs. Nature (Lond.). 312:636-639.
Whitaker, M. J., and R. Patel. 1990. Calcium and cell cycle control. Develop-
ment. 108:525-542.
1121